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Abstract 
 
We document coarse sediment transport through Fall Creek Gorge, a bedrock channel 
step-pool system with deep and complex pothole structures located in western Indiana.  
Tracer clasts are embedded with Passive Integrated Transponder (PIT) tags using our new 
highly successful and efficient method for drilling holes into small (~ 10 mm) clasts.  
Repeated surveys of bed topography record deposition and erosion of sediment within 
potholes. Tracer clasts introduced upstream of the potholes were transported through the 
reach over a period of a few weeks: we see no evidence for individual coarse sediment 
particles having long residence times within potholes.  Initial transport of tracer clasts 
was accompanied by a spatially extensive aggradational event.  We develop a conceptual 
model for coarse sediment transport within Fall Creek gorge in which potholes are filled 
with fine sediment (sand and gravel) prior to initiation of coarser sediment transport.  The 
fine sediment creates a temporary bridge allowing coarse particle to move through the 
reach without becoming trapped within potholes. We are in the early developmental 
stages for testing this model in a flume. 
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Chapter 1: Introduction and Background 
 
In an attempt to identify controls on pothole formation and evolution, past studies have 
focused on reach scale processes involved in bedrock channel incision. 
Recently, interest has focused on the important role of bed load material in influencing 
incision through abrasion in bedrock streams (Springer et al 2005, 2006; Whipple et al 
2000; Wohl 1993). There is also a need to better understand the characteristics of coarse 
sediment transport in bedrock channels and its effects on complex bed topography and 
pothole formation (Goode & Wohl 2010; Wang et al 2009). 
 
Previous investigations into bedrock erosion have shown that coarse particles acting as 
tools along the bedrock streambed are generally more effective than fine sediment at 
eroding bedrock (Sklar and Dietrich, 2001). However, the absence of alluvium to protect 
the bedrock from erosional processes may allow fine, suspended sediment to act as 
erosional tools in addition to the erosional effects of coarse sediments. Erosion by 
suspended sediment may be enhanced by turbulence (Springer et al 2005). By observing 
the residence time of coarse particles inside bedrock potholes, it should be possible to 
determine whether these particles are acting as the primary tools in the evolution of such 
potholes.  
 
A pothole is generally a cylindrically shaped void in the channel of a bedrock stream 
excavated by tools entrained within a persistent vortex (Springer et al, 2005). The tools 
responsible for pothole formation can be either suspended load or bedload materials 
(Whipple et al, 2000). Potholes can initiate along joints or at the intersections of joints in 
the bedrock (Wang, 2009) or through growth of small depressions in the channel bed that 
agitate flow and eventually advance further erosion (Hancock et al, 1998).  
 
A recent attempt to identify controls on pothole formation has been with the use of coarse 
particle tracers. Tracer studies have been attempted for at least a century (Foster, 2000). 
Early studies used painted clasts (Leopold et al., 1966) that were placed into a stream and 
then relocated after a period of time. Painted clasts had a relatively low recovery rate 
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(<40%) as they would often lose their paint during transport or become buried in the bed 
material (Leopold et al., 1966). More recently, magnetic tracers have been developed and 
employed in an analogous manner (Custer et al., 1987). Magnetic tracers have a greater 
recovery rate (~60%) than painted clasts because they can be found while shallowly 
buried (Custer et al., 1987). However the magnetic sensor also responds to other 
magnetic materials within the bed material, interfering with tracking of the tracer 
particles. Passive Integrated Transponder (PIT) tags use Radio Frequency Identification 
(RFID) technology and are tracked via a radio frequency, allowing particles to be 
precisely located after movement along a streambed.  Previous researchers have 
successfully used RFID and PIT tags to monitor bedload sediment transport (Lamarre et 
al., 2005). RFID has yielded exceptionally high recovery rates (>90%) (Bradley & 
Tucker, 2012; Hodge et al, 2012) and is unique in that it can identify each tagged clast 
individually.  However, in previous studies, the process of drilling holes to embed PIT 
tags in tracer clasts has resulted in catastrophic fractures of approximately 2/3 of clasts, 
significantly increasing the time and risks of preparing tracer clasts (Bradley & Tucker, 
2012; Hodge et al, 2012, Olinde, personal communication).  
 
The goal of this investigation is to track the movement of cobble to boulder-sized 
particles using Passive Integrated Transponder (PIT) tags through bedrock potholes of a 
small, steep headwater stream. The primary question to be answered is whether or not the 
large clasts become trapped and maintain residence within the potholes and thus serve as 
abrasional tools in shaping the pothole structures. Knowledge of the residence time of 
coarse particles within the potholes will provide insight into the extent to which the 
transport of such clasts contributes to pothole formation. In addition to particle tracing, 
three topographic surveys of the streambed in containing the potholes were conducted to 
monitor the change in the bed topography over the course of the tracing study. Moreover, 
the study also developed a new method of emplacing PIT tags that virtually eliminates 
shattering of tracer stones.  
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Chapter 2: Location 
 
The study site for the project is Fall Creek Gorge (alt. 175 m), in western Indiana - an 
incised ravine, draining a ~25 km2 rolling upland located approximately three km 
northwest of Williamsport, Indiana (Figure 1). A majority of the drainage area of Fall 
Creek Gorge is cleared land used primarily for farming. The watershed has 
approximately 15 meters of relief. Average monthly precipitation ranges from 40 mm in 
February to 114 mm in June with an annual average total of 940 mm (Frankenberger and 
Carroll, 2010). The rolling upland consists of glacial tills and soils up to 16 m thick 
(Grimes et al., 1916). 
 
The gorge is deeply incised into the Mansfield Sandstone (15 – 100 m in thickness), part 
of the Mansfield Formation, which contains shale, thin beds of coal, clay, and limestone. 
The Mansfield Formation consists of Pennsylvanian aged sedimentary members from the 
Raccoon Creek Group. The Mansfield Sandstone is moderately indurated, well-sorted, 
silicicly cemented quartz sandstone that was deposited at the mouth of the ancient 
Michigan River that formerly drained into the northeastern edge of the Illinois Basin 
(Grimes et al., 1916).  
 
Jointing controls the sinuosity of the stream flowing through the steep-walled canyons of 
Fall Creek Gorge (Figure 2). The far upstream end of the reach within the gorge consists 
of a knickpoint that is approximately 1.5m in height. The stream makes four sharp turns 
before arriving at the potholes section of the reach (Figure 2). Along the streambed, 
between the knickpoint and the potholes, are approximately 15 small ribs created by the 
dip of bedding planes of the Mansfield. Along the inside edges of the four turns are 
deeply fluted grooves up to one meter in depth, again apparently controlled by bedding 
planes of the Mansfield. 
 
The final segment of the gorge is a 70-meter reach consisting of approximately 20-25 
steps in a step pool system (Figure 3). The pools in this system are potholes that increase 
in both diameter and depth downstream. The pools are found in pairs of side-by-side 
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potholes that begin to coalesce further downstream (Figure 4). The drop in elevation 
through the potholes reach is a little more than 3 meters, which accounts for 
approximately 20% of the watershed’s relief. 
 
The pothole reach of the Fall Creek Gorge exhibits morphological characteristics similar 
to other bedrock step pool systems. The slope of the reach is 4.3% and the step-pool 
spacing is less than 1:4 channel widths. Similar slopes and step-pool spacing are found in 
other step pool systems (Springer et al 2005, 2006; Whipple et al 2000; Wohl 1993).  
Thus the Fall Creek Gorge potholes are morphologically representative of such systems.  
The streambed throughout the gorge is entirely sandstone bedrock. Upstream bedrock 
typically is exposed from the beginning of the pothole reach to a gravel bar near the 
knickpoint. Bed material clasts within the gorge vary in lithology and range from sand (< 
2mm) to boulders (>256 mm) in size. Fine sand is abundant upstream from the 
knickpoint. 
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Chapter 3: Methods 
 
3.1 Topographic surveys and field mapping methods 
 
A Leica Total Station (Pin Point R300) was used to conduct three topographic surveys of 
the streambed in the potholes section of Fall Creek Gorge (Figure 5). The instrument was 
placed at the base of the pothole section approximately 25m from the eastern edge of the 
last pothole. The location of the Leica instrument was chosen so provide an unobstructed 
line of sight through the entire gorge and pothole reach. Four local monuments were 
established to serve as benchmarks for a local Cartesian (x,y,z) coordinate system, which 
provided a consistent frame of reference for repeat surveys.  
 
An average of 1,100 points was surveyed along the 70m long pothole section of Fall 
Creek Gorge during each survey. The collected data-points were then downloaded into 
ArcMap 10 for topographic mapping. 
 
 
3.2 Coarse Sediment Tracking 
 
Previous studies of coarse sediment transport though bedrock streams have used painted 
tracer clasts, resulting in relatively low tracer recovery rates. Other studies have 
implemented the embedding of PIT tags into the tracer clasts to track the movement of 
coarse sediment through gravel streams with relatively high recovery rates of the tracer 
clasts (Lamarre et al. 2005, Bradley et al. 2012). We chose to use PIT tags because of 
their high recovery rates. 
 
Tracer clasts were collected from a large gravel bar at the base of the knickpoint 
approximately 250 meters upstream from the potholes reach (Figure 2).  Tracer clasts had 
variable lithology and were likely derived from glacial outwash (Grimes et al., 1916).  
All clasts selected were large enough to install a 4 x 23 mm PIT tag (over 30 mm on all 
axes). A hole approximately 6 x 30 mm in size was drilled in each clast, filled with a PIT 
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tag, and sealed with silicon caulk. The PIT tags used in this study were coded by the 
Leonie Mobile Radio Frequency Identification System (HDX 134.2 KHZ) by 
Technologie Aquartis (Aquartis). After allowing time for the caulk to dry, the clasts were 
weighed. The mass of the tagged stones varied from approximately 40 to 800 grams 
(Table 1). Initially, 42 tracer clasts were emplaced on the streambed at seven different 
cross-sections throughout Fall Creek Gorge (Figure 2).  The range of clast masses was 
similar at each of the cross sections.  
 
The locations of the tracer stones during emplacement and during the following surveys 
were identified as accurately as possible using a high-quality aerial photograph (Figure 
2). The estimated error of the recorded position is 2 meters.  The tall, steep canyon walls 
precluded the use of GPS to survey the positions of clasts.  
 
In the months following the emplacement of the tracer stones, several surveys were 
conducted to identify changes in the locations of the tracer stones using the portable 
Leonie System antenna. The surveys were conducted shortly after significant rain events 
identified by the precipitation records logged at a weather station approximately 3.5 
kilometers to the east of Fall Creek Gorge. During each of the surveys the entirety of the 
study area within the gorge was walked with an additional inspection extending 
approximately 500 meters both upstream and downstream of the step-pool reach. In 
addition to the locations of the tracer clasts, observations included general notes on 
channel characteristics within the study area.  
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Chapter 4: Results 
 
4.1 Bed Topography 
 
Repeat bed topography surveys revealed changes in the depths of individual potholes 
(Figure 6). The longitudinal profile illustrates the complexity of the bed topography 
through the potholes reach. The bed topography is so complex that it would appear that 
any large particle that should become stuck in any of the potholes would become trapped 
for an extended period of time. On the other hand, the level of fine sediments within the 
potholes fluctuates substantially, at times filling the potholes to a level nearly equal to the 
elevation of the downstream rim of each pool. This dynamic fluctuation of fine sediment, 
which covers the bottom of the potholes in this system, may be responsible for shaping 
the potholes. A preliminary investigation of sediment beneath large surficial particles in 
the potholes revealed that the bottoms of the holes are generally filled with fine sediments 
and that the largest particles within the fine-sediment deposits are smaller than the 
smallest tracer stones.  
 
4.2 Coarse Sediment Transport 
 
The tracer stones were emplaced on 3/11/12 (Table 1). The data recorded by the first two 
surveys on 4/13/12 and 5/3/12 revealed that the stones had barely moved over the first 
sixty days of the experiment, with all of the stones remaining within ~4 meters of their 
respective emplacement locations. The third survey, conducted on 7/7/12, indicated that 
90.5% of the tracer stones had moved significant distances (Figures 8 & 9). The stones 
that did not move were not visible on the bed surface, but had been buried in place.  
 
The coarse sediment movement in the summer 2012 was initiated by significantly large 
rain event that precipitated 6.2 cm of rain over a five hour time period (Figure 10, Table 
2). This event, which preceded the 7/7/12 survey, introduced a considerable volume of 
coarse sediment (gravel to boulder size) to Fall Creek Gorge, creating an alluvial fill that 
extended continuously from the upstream knickpoint to the potholes (Figure 10). 
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Although this event resulted in substantial alluvial aggradation, similar rainfall events 
that occurred subsequently did not produce similar alluvial fills (Figure 11).  Field 
reconnaissance indicated that the failure of a woody debris dam, located approximately 
200 meters upstream of the knickpoint in Fall Creek Gorge, was the likely source of the 
sediment mapped on 7/7/12 (Figure 12). Upstream of the dam, we found debris in the 
trees along the stream banks that indicated that the water level had been more than 2.5 
meters above the water level at the time this picture was taken (Figure 12).  
 
The fourth survey, on 7/28/12 showed more, though less significant, movement of the 
tracer stones and removal of the alluvial cover over a substantial portion of the gorge.  
This movement occurred after a normal 1-2 cm rain event. There was no evidence for the 
release of sediment through dam failure during this this event.  
 
By the end of October 2012, all of the tracer stones had either moved through the study 
area or had been through deep burial, tag breakage, or anthropogenic effects. 
 
The movement of the tracer stones was independent of both mass and location of 
emplacement. We do not see evidence of the expected preferential movement of the small 
stones relative to large stones through the system. In fact, some of the large stones moved 
greater distances than the small, less massive stones (Table 1).  
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Chapter 5: Discussion and Conclusions 
 
The results of the first two surveys of the tracer stones showed a negligible shift in the 
position of the tracer particles. The changes in location of stones after the third survey 
showed that many tracers were mobilized in conjunction with a large runoff event that 
resulted in failure of a woody debris dam and release of a large quantity of sediment into 
the channel system. The fourth survey showed that most of the particles introduced to the 
gorge by the large runoff event had moved through the system without the aid of another 
large runoff event. This finding indicates that an extreme event is not necessary either to 
mobilize coarse particles or move them through the step-pool system.  
 
We have developed a conceptual model of coarse sediment transport through Fall Creek 
Gorge based on our observations that large clasts move through the potholes reach 
quickly and remain near the bed surface during transport.  Based upon the surveys of the 
bed topography the amount of fine sediment within the potholes clearly fluctuates over 
time, particularly in relation to the release of fine sediment into the channel system from 
upstream (Figure 6). Because some of the holes are well over a meter deep when fully 
excavated, large clasts should become trapped in these holes in conjunction with loss of 
transport competence. However, examination of sediment within the potholes revealed 
that these features contain mainly sand, with the coarsest particles smaller in size than the 
smallest tracer clasts.  
 
We hypothesize that as the flow increases during runoff events, fine sediment  (sand to 
gravel size) upstream of the potholes in the headwaters of Fall Creek is mobilized and 
transported into the potholes. The loss of flow competence associated with hydraulic 
jumps within the potholes results in deposition of entrained sediments and filling of the 
potholes. If the sand supply is large enough, the potholes may fill entirely (Figure 13).  
Once filled, changes in fluvial energy through the potholes reach decrease and transport 
of bedload is accomplished as if the potholes were not present. Each of the hydraulic 
jumps in the system is diminished so that the amount of energy lost as a result of the 
jump is much less than it would have been had the potholes not filled with fine sediment. 
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Filling of the potholes allows large clasts to move over the fine sediment, which now 
constitutes the new bed surface. During declining stages of a hydrological event, the 
potholes are partially re-excavated. This fluctuation of fine sediment within the holes, as 
documented in our bed topography surveys, suggests that filling of the potholes by fine 
sediments acts as a temporary bridge that allows large clasts to move through the 
potholes unimpeded (Figure 14). This hypothetical conceptual model, of course, has yet 
to be rigorously tested but could be evaluated through flume experiments. 
 
The rapid and near-surface transport of coarse sediment through the potholes of Fall 
Creek Gorge does not support the hypothesis that coarse particles act as abrasional tools 
that erode the potholes. Instead, our results show that coarse sediment can move through 
the pothole easily and do not become trapped within these features (Figure 15).  
 
What has yet to be ascertained is the frequency of pothole aggradation. The failure of the 
woody debris jam upstream may have played a key role in producing the aggradational 
event; however the dam failure event is not necessarily unique. Furthermore, the 
remaining coarse bedload on the upstream end of the potholes reach moved through the 
system without evidence of another dam failure. Though the dam failure played a major 
role in the introduction of sediment to the system it does not seem that the movement of 
coarse sediment through the step-pool reach depends upon such an event. 
 
Based on observations of large clasts moving though the potholes easily, it seems 
unlikely that the transport of large sediment plays a significant role in the formation of 
the potholes. If large particles do play a significant role in the formation of the potholes 
they should maintain a long residence time within the holes. Additionally, the tracer 
particles that were located in the potholes were positioned on or very near the surface of 
the potholes, which were filled with sand. Our tracer stones were not near the bottom of 
the potholes where they could act as tools in the formation of the potholes. The results of 
this short-term study, however, are not sufficient to conclude that no large particles ever 
become trapped in the bottom of potholes, where they could contribute to pothole 
enlargement.  
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The sediment flux in the potholes is clearly highly dynamic as indicated by changes in 
bed topography and by the unimpeded movement of large tracer clasts through the 
potholes reach. These facts support the conceptual model for the aggradational event 
serving as the mechanism allowing for the transport of coarse sediment through the 
system and should be investigated further.  
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Appendix: 
 
Currently accepted and practiced methods for drilling small rocks are limited by the size 
of rocks that can be successfully drilled. Generally speaking, the smaller the rock being 
drilled, the more likely it is that it will break under the duress of the drilling process. 
 
Recent studies in the sediment and gravel transport in streambeds use radio frequency 
identification (RFID) devices, specifically called a passive integrated transponder (PIT) 
tag, implanted into a rock so that the movement of gravel can be mapped over time 
(Lamarre, MacVicar, & Roy, 2005; Slaven & Anders, 2012). Due to the size limitation, 
research has been limited to using PIT tags only in larger sized gravel that can effectively 
be drilled. 
 
In addition to the research limitations, researchers expose themselves a hazard as 
identified by the Occupational Safety and Health Administration (OSHA) as a “type of 
guarding” and “point of operation” hazard because of the amount of shattered rock that is 
projected in failed attempts to drill holes. 
 
Research in the transportation of gravel, i.e. small rocks of any shape, has recently started 
to use PIT tags to track the dispersion of the gravel (Lamarre, MacVicar, & Roy, 2005; 
Nichols, 2004). Previous research to track particles in streams was limited to painted 
rocks and magnets, and these both proved difficult for researchers to claim representative 
results where the PIT tag method has reported recovery rates of 60-100% (Lamarre, 
MacVicar, & Roy, 2005). 
 
Researchers have cited that drilling holes in rocks to place the PIT tags frequently results 
in failure of the rock or drill bit (Bradley & Tucker, 2012; Slaven & Anders, 2012). The 
Bradley and Tucker study produced results that indicated that the smallest median rock 
diameter was 5.5 centimeters. This leaves a large gap in the size of rocks that is studied. 
Research in erosion of streambeds indicated that, because it is difficult to quantify the 
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effect of smaller particles on erosion stream surfaces, not much is known (Springer, 
Tooth, & Wohl, 2006). 
 
The transport of sediment in watershed systems has been attributed to damage of human 
life and infrastructure (Schneider, et al., 2010). Further research in this topic increases the 
understanding of small and large-scale sediment transport. The use of PIT tags has 
produced the best results for researching individual movements of individual grains 
(Lamarre, MacVicar, & Roy, 2005). Additionally, PIT tags are preferred for performing 
short term and longitudinal studies (Bradley & Tucker, 2012; Lamarre, MacVicar, & 
Roy, 2005; Nichols, 2004). 
 
Our development of a device and technique to decrease the size rock that can consistently 
receive a transponder will increase the breadth to which these phenomena are understood 
(Bradley & Tucker, 2012; Lamarre, MacVicar, & Roy, 2005; Slaven & Anders, 2012). 
Machine design methodologies can be applied to improve the devices and techniques 
from the standard practices currently used to broaden the attainable scope of future 
research and to make the process safer for researchers. 
 
The machine design process has been described as cyclical and to have the following 
general steps: problem definition, concept, design, prototype, redesign, and testing 
(Wentzell, 2003). 
 
Problem: 
 
Embedding the 4x23mm PIT tag capsules within the stones selected to be used as tracers 
in this study proved to be quite an ordeal. Drilling a hole into a large rock or outcrop face 
is not particularly challenging, however drilling a hole into a small stone is incredibly 
difficult.  
 
The first solution to this difficulty was to put the stones into a workbench vise to hold 
them in place during the drilling process. This lead to several complications, some of the 
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complications were quite dangerous. First, the extremely high pressures exerted on the 
stone from the vise caused cracking, breaking, or total failure. Secondly, the pressure 
form the vise had to be extremely high to hold the stone in position when the drill was 
applied because there was not resisting force to counter the drill vector force. Lastly, the 
resulting pressure from the vise and heat generated from the inside of the stone would 
cause fracturing or spalling which resulted in high velocity rock fragments moving 
through the work area and potentially causing severe injury. 
 
To eliminate the complications it was necessary to create a device that would isolate the 
stone while reducing the excessive compressive pressures, to provide a backstop to 
compensate for the drill vector force, and to prevent the rock from rotating while being 
drilled. With these complications adequately addressed, it would reduce the likelihood of 
rock fragment projectiles.  
 
Solution:  
 
The resulting solution to these problems was the creation of the Gripping and Binding 
(GABI) device (Figure A1). The GABI device allows for the emplacement of a stone into 
an isolation booth and can accommodate stones up to small boulder in size.  The isolation 
blanks grip the stones to prevent them from spinning during the drilling process; 
however, the stone may rotate a maximum of 45⁰ thereby binding the stone into position. 
 
By eliminating the stones ability to rotate within the isolation booth the GABI device also 
eliminates the excessive pressure focused toward the center of the stone where the hole 
was being drilled. In the original method, the inward pressure of the compressional forces 
created by the workbench vise would cause the rock to collapse on the hole. The 
pressures exerted on the stones in the GABI device are not compressive forces focused 
toward the center of the stone, but shearing forces affecting the outside edges of the 
stone. By eliminating the compressional forces on the stones, the GABI device almost 
completely eliminates the fracturing and spalling of the stones. 
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Because the GABI device is mounted with a back plate it naturally addressed the problem 
of there not being a resisting force for the drill vector force when using the workbench 
vise. The back plate not only prevents the rock from moving away from the drill, but the 
counter pressure allows for a more rapid completion of the hole drilling process. The 
entire setup of the GABI device essentially turns a small stone into an outcrop face.  
 
Because the stone is thoroughly secured in place in all directions rhythmically applied 
pressure (RAP) can be used rather than statically applied pressure. RAP is the process of 
applying and releasing the pressure of the drill at approximately one-second intervals 
rather than applying constant pressure. This drilling method allows the drill-bit to cool, 
slowing dulling process and allows for debris to clear from hole. Additionally, this 
method also allows for the stone to cool, which in turn further lessens the likelihood of 
the stone fracturing and spalling. 
 
Device Parts: 
 
A) 18”x 18” square of ¾” plywood for mount face - mounted at 60⁰ to base sheet of ¾” plywood. 
B) 2 – 2x4 trapezoids at 45⁰, 7” long meet to form isolation booth. 
C) 2 – 2” wedges provide horizontal surfaces for clamps.  
D) 4 support beams made from 2x4 trapezoids at 30⁰ attach the mount to the base. 
E) 5 - 45⁰ trapezoids (isolation blanks) of varying length for custom fit to rock size.  
F) 18”x 24” rectangle of ¾” plywood for base plate. Plate is clamped or screwed to workbench 
which is 36” high. 
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Figure A1: The GABI device allows for the emplacement of a stone into an isolation 
booth and can accommodate stones up to small boulder in size. 
 
 
Tools: 
 
• Drill	  bit:	  ¼”	  carbide-­‐tip	  hammer	  drill	  bits.	  
o Allows	  for	  cushion	  of	  silicon	  around	  tag	  to	  prevent	  damage	  from	  impact	  or	  
freeze-­‐thaw	  processes.	  
• Drill:	  Standard	  110v	  hammer	  drill.	  
• Safety:	  Face	  shield,	  eyewear,	  earplugs,	  work	  gloves.	  
	  
 
Results: 
 
The original method of the workbench vise with statically applied pressure had an 
approximately 20% success rate out of more than 100 stones drilled. All of the failures 
included shattering with the production of high velocity projectiles. With the introduction 
of RAP the success rate nearly doubled, however safety was not improved, as there were 
still dangerous shattering occurrences. 
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The GABI device along with the RAP drilling method has provided a 100% success rate 
for all of the stones drilled. The only results that could be classified as shattering are 
when the drill passed completely through the back end of the stone. In all of those 
instances there were some small rock fragments; however they were contained within the 
isolation booth. The reason for drilling through the stone completely was because the 
GABI device allows for the drilling of stones so small that they are just slightly larger 
than the PIT tags.
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Figures and Tables 
 
 
 
 
 
Figure 1: Fall Creek Gorge is located in West Central Indiana. The yellow line represents the 
catchment area of Fall Creek; blue lines represent streams and the red circle indicating the area of 
study.  
 
 23 
 
 
 
Figure 2: Fall Creek Gorge aerial view. Above image: 1) knickpoint, 2) four sharp turns, 3) 
the potholes reach. Below image: Yellow lines with Roman numerals along the stream 
represent the cross sections where the tracer stones were emplaced. The green circles are a 
schematic representation depicting the approximate location of the potholes.  
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Figure 3: An upstream view of the potholes section of Fall Creek Gorge. The final segment 
of the gorge is a 70-meter reach consisting of approximately 20-25 steps in a step pool 
system. 
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Figure 4: The pools in this system are potholes that increase in both diameter and depth 
downstream. The pools are generally found in pairs of side-by-side potholes that begin to 
coalesce further downstream.  
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Figure 5: A Leica Total Station (Pin Point R300) was used to conduct three topographic surveys 
of the streambed in the potholes section of Fall Creek Gorge. The instrument was placed at the 
base of the pothole section approximately 25m from the eastern edge of the last pothole 
measured. The location of the Leica instrument was chosen so as to allow for a straight line view 
through the canyon so that as many measurements as possible could be recorded. 
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Figure 6: Digital elevation models produced from the topographical surveys taken with the 
Leica Total Station. Red represents high elevations and transitions to blue representing lower 
elevations. There are visible changes in the elevations between the surveys, which lend support 
to our conceptual model of an aggradational event creating a temporary bridge for coarse 
particle transport. X & Y units are in meters. 
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Figure 7: Top – A digital elevation models produced from the topographical surveys taken with 
the Leica Total Station. The dark blue dots represent the data points collected during the survey. 
The light blue dots represent the data points used to create the longitudinal profile. Bottom – 
The longitudinal profile helps to illustrate the complexity of the bed topography through the 
potholes reach. Both X and Y units are in meters with the Y–axis having a vertical exaggeration 
of 5x. The bed topography is so complex that it would appear that any large particle that should 
become stuck in any of the potholes would become trapped for an extended period of time. 
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Figure 8: The above graph shows that the assumption that small tracer stones will move 
farthest through the system is not substantiated by the data.  Instead, the distance moved by 
tracer stones is independent of mass.  
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Figure 9: The above graph displays the travel distance starting by sub-reach (cross-sections I – 
VII) for the movement recorded after the 7/7/12 survey. The height of trajectory is proportional 
to the overall travel distance. Each color is representative of each tracer stone’s initial starting 
location. The stone seemed to travel at distances independent of their starting locations. All 
starting locations showed that stones could become slowed down during their journey through 
the potholes section of the reach. In the image above, cross-sections VIII – XIII are points 
where we could easily ascertain our location using the aerial imagery during our surveys to find 
the tracer stones.  
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Figure 10: On left, 7/7/12, after a heavy rainfall event, there was a net transport of sediment 
into the potholes reach. In this instance, 0.30-0.45 meters of sediment were deposited through 
this particular stretch of Fall Creek Gorge. Most particles in the deposited sediment were of 
the same size or larger than the tracer stones used in this study. During the heavy rainfall 
event, the large boulder circled in green in both images was deposited on top of the 
accumulated sediments. On right, 10/28/12,this same stretch of Fall Creek Gorge was cleared 
of accumulated sediment, with the exception of the large boulder, within three weeks of the 
event. Both images are taken from the top end of the potholes looking upstream. 
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Figure 11: Daily rainfall from 3/11/12 – 10/28/12. The rain event on 6/16/12 is the likely 
event that is associated with the creation of the alluvial fill that extended continuously from 
the knickpoint to the potholes. That rain was similar to subsequent events occurring in August 
that did not initiate a similar alluvial fill. 
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Figure 12: This woody debris dam is located approximately 200 meters upstream of the 
knickpoint in Fall Creek Gorge. Upstream of the dam, we found evidence that the water level 
had been more than 2.5 meters above the water level at the time this picture was taken. 
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Figure 13: The fluctuation of the sediment within the holes, as seen in our bed topography 
surveys, seems to make the idea of the finer sediments acting as a temporary bridge to move the 
larger clasts through the system a plausible explanation. Above a single pothole shows a 
significant change in the amount of sediment within the cavity. Each of the three photos was 
taken at two-week intervals (7/7/12, 7/21/12, and 8/4/12, respectively).  
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Figure 14: Here we can see the conceptual model in action with the temporary bridging 
allowing for a person to stand level with the up-stream and down-stream steps while in 
the middle of a pool that is normally more than one meter in depth. 
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Figure 15: These two images show the before and after of a 0.5-inch rain event. A sizeable 
four-inch-thick slab of the potholes was removed from the top section of one of the steps in 
the wake of Hurricane Ike on or about 9/15/12. Upon inspection of the removal site, we 
determined that the section was likely removed in as a single piece. The left image depicts the 
same location and was taken in October 2010 by Dr. Gary Parker. It shows a relatively large 
boulder sized clast (approximately 10-kg) that has been moved through the potholes. The 
existence of such large clasts on the steps between the pools further supports the conceptual 
model.   
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Initial	  
Position	   KG	  
Distance	  
Traveled	   	  
Initial	  
Position	   KG	  
Distance	  
Traveled	  
1	   0.08	   0	  
	  
5	   0.085	   	  	  
	  	   0.17	   0	  
	  
	  	   0.105	   195	  
	  	   0.205	   0	  
	  
	  	   0.22	   150	  
	  	   0.295	   0	  
	  
	  	   0.225	   160	  
	  	   0.345	   460	  
	  
	  	   0.235	   150	  
	  	   0.755	   	  	  
	  
	  	   0.41	   	  	  
2	   0.075	   680	  
	  
6	   0.08	   85	  
	  	   0.095	   345	  
	  
	  	   0.11	   120	  
	  	   0.13	   	  	  
	  
	  	   0.13	   85	  
	  	   0.24	   345	  
	  
	  	   0.305	   80	  
	  	   0.32	   	  	  
	  
	  	   0.345	   120	  
	  	   0.705	   345	  
	  
	  	   0.405	   120	  
3	   0.07	   	  	  
	  
7	   0.06	   	  	  
	  	   0.11	   	  	  
	  
	  	   0.1	   45	  
	  	   0.17	   295	  
	  
	  	   0.14	   455	  
	  	   0.18	   	  	  
	  
	  	   0.265	   	  	  
	  	   0.275	   295	  
	  
	  	   0.3	   45	  
	  	   0.515	   	  	  
	  
	  	   0.36	   230	  
4	   0.06	   280	  
	  
	  	   	  	   	  	  
	  	   0.07	   280	  
	   	   	   	  	  	   0.175	   	  	  
	   	   	   	  	  	   0.185	   200	  
	   	   	   	  	  	   0.245	   280	  
	   	   	   	  	  	   0.33	   580	  
	   	   	   	  
Table 1: Each group of six tracer stones was initially placed at one of seven cross sections. This 
table shows the average mass per clast and the total distance each clast had moved between the 
second and third surveys. A blank value for distance traveled indicates that the clast was not 
found during the survey. 
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Table 2: This data was recorded by the nearby weather station and thoroughly describes 
the rain event that occurred on 6/16/12. 
 
Time	   Temp.	   Pressure	   Wind	  Speed	   Wind	  Gust	   Humidity	   Rainfall	  Rate	  (Hourly)	  
15:35	   77.4	  °F	   30.00in	   6.0mph	   9.0mph	   69%	   0.60in	  /	  0.03in	  total	  
15:50	   72.6	  °F	   30.00in	   6.0mph	   6.0mph	   78%	   0.60in	  /	  0.23in	  total	  
15:55	   71.4	  °F	   29.99in	   5.0mph	   9.0mph	   78%	   1.91in	  /	  0.33in	  total	  
16:35	   68.8	  °F	   29.97in	   1.0mph	   23.0mph	   95%	   0.32in	  /	  0.65in	  total	  
16:45	   69.2	  °F	   29.97in	   1.0mph	   23.0mph	   97%	   0.26in	  /	  0.72in	  total	  
16:50	   69.3	  °F	   29.96in	   2.0mph	   2.0mph	   96%	   0.27in	  /	  0.75in	  total	  
16:55	   69.4	  °F	   29.95in	   1.0mph	   23.0mph	   97%	   0.26in	  /	  0.79in	  total	  
17:00	   69.5	  °F	   29.94in	   	  	   23.0mph	   97%	   0.30in	  /	  0.82in	  total	  
17:10	   69.9	  °F	   29.94in	   	  	   23.0mph	   97%	   0.49in	  /	  0.87in	  total	  
17:15	   70.2	  °F	   29.94in	   2.0mph	   23.0mph	   97%	   0.19in	  /	  0.89in	  total	  
17:20	   70.2	  °F	   29.93in	   4.0mph	   4.0mph	   97%	   0.22in	  /	  0.91in	  total	  
17:25	   70.2	  °F	   29.92in	   2.0mph	   23.0mph	   97%	   0.08in	  /	  0.91in	  total	  
17:30	   70.3	  °F	   29.92in	   	  	   23.0mph	   97%	   0.05in	  /	  0.91in	  total	  
17:40	   70.4	  °F	   29.93in	   	  	   23.0mph	   98%	   0.00in	  /	  0.91in	  total	  
17:45	   70.5	  °F	   29.95in	   2.0mph	   23.0mph	   98%	   0.00in	  /	  0.91in	  total	  
17:50	   70.7	  °F	   29.94in	   4.0mph	   23.0mph	   97%	   1.05in	  /	  0.97in	  total	  
17:55	   71.0	  °F	   29.93in	   3.0mph	   23.0mph	   96%	   0.19in	  /	  1.01in	  total	  
18:00	   70.9	  °F	   29.93in	   1.0mph	   1.0mph	   96%	   0.07in	  /	  1.01in	  total	  
18:05	   70.8	  °F	   29.94in	   	  	   23.0mph	   96%	   0.05in	  /	  1.01in	  total	  
18:15	   70.8	  °F	   29.95in	   2.0mph	   23.0mph	   97%	   0.00in	  /	  1.01in	  total	  
18:20	   70.9	  °F	   29.94in	   4.0mph	   4.0mph	   96%	   0.00in	  /	  1.01in	  total	  
18:25	   70.9	  °F	   29.95in	   4.0mph	   23.0mph	   95%	   0.22in	  /	  1.03in	  total	  
18:30	   71.0	  °F	   29.97in	   4.0mph	   23.0mph	   96%	   2.03in	  /	  1.07in	  total	  
18:35	   70.4	  °F	   29.97in	   8.0mph	   23.0mph	   92%	   1.43in	  /	  1.28in	  total	  
18:50	   66.8	  °F	   30.00in	   6.0mph	   23.0mph	   92%	   1.32in	  /	  1.61in	  total	  
18:55	   66.6	  °F	   29.99in	   4.0mph	   23.0mph	   95%	   3.13in	  /	  1.76in	  total	  
19:00	   66.7	  °F	   29.96in	   3.0mph	   3.0mph	   96%	   2.53in	  /	  2.03in	  total	  
19:05	   66.8	  °F	   29.94in	   1.0mph	   23.0mph	   97%	   0.46in	  /	  2.12in	  total	  
19:10	   67.1	  °F	   29.93in	   1.0mph	   23.0mph	   98%	   0.26in	  /	  2.14in	  total	  
19:15	   67.4	  °F	   29.94in	   2.0mph	   23.0mph	   98%	   0.18in	  /	  2.15in	  total	  
19:25	   68.3	  °F	   29.95in	   4.0mph	   4.0mph	   98%	   0.14in	  /	  2.18in	  total	  
19:30	   67.9	  °F	   29.94in	   3.0mph	   3.0mph	   97%	   0.17in	  /	  2.20in	  total	  
19:45	   67.7	  °F	   29.95in	   3.0mph	   23.0mph	   96%	   0.84in	  /	  2.35in	  total	  
19:50	   67.7	  °F	   29.93in	   2.0mph	   23.0mph	   96%	   0.27in	  /	  2.40in	  total	  
20:00	   68.4	  °F	   29.93in	   2.0mph	   2.0mph	   97%	   0.10in	  /	  2.43in	  total	  
20:05	   68.8	  °F	   29.93in	   2.0mph	   23.0mph	   97%	   0.05in	  /	  2.43in	  total	  
20:10	   69.0	  °F	   29.94in	   3.0mph	   3.0mph	   96%	   0.04in	  /	  2.43in	  total	  
